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Objective wound monitoring is an essential tool for
evidence-based medicine in leg ulcers and other
chronic wounds. Non-invasive and contact-free opti-
cal remittance spectroscopy seems to be a useful
approach as it can provide additional information
with respect to more traditional techniques of
wound scoring. Twenty-three patients with chronic
venous, arterial, and mixed leg ulcers were enrolled
in this study. The clinical state of the ulcers was
documented by a clinical wound score (quantity,
color, and consistency of granulation tissue). The
spectroscopic readings were performed with a novel
diode-array spectrometer system in the visible and
near-infrared range of the spectrum (400±1600 nm)
with a resolution of 5 nm. The wound spectra
mainly depend on the absorption of hemoglobin and
water. The maximum correlation coef®cients of
mean remittance spectra with the clinical wound
scores did not exceed 6 0.5. Discriminant and cluster
analysis were applied for spectral classi®cation of
wound scores. By using cross-validation the percent-
age of correct predicted wound scores was about
69%. Our results indicate that the application of
optical visible and near-infrared spectroscopy could
be a valuable remedy for the clinician. Key words:
diode-array/granulation/multivariate analysis/remittance. J
Invest Dermatol 116:531±535, 2001
T
he treatment of chronic wounds is still more a matter
of clinical experience than of evidence-based medi-
cine. The objective evaluation of wound healing is a
complex problem of remarkable importance for an
evidence-based medicine approach. The value of
traditional techniques of wound monitoring such as tracing
(overlays, contour), depth gauges, and volume moulding is limited
in sense of functional information. Contact-free methods such as
photography, video-image analysis, and structured light or laser
triangulation have also been employed (Plassmann and Jones,
1998). The color measurement of wounds enables a simple
classi®cation. Bright red wounds are found with a healthy
granulation tissue characterized by the growth of capillary loops.
Re-epithelialization produces pink color. Black, yellow, and green
colors indicate the presence of necrotic tissue or infection
(Benbow, 1995).
Morphometric alterations of dermal microcirculation in patients
with chronic venous insuf®ciency have been quantitated by
microscopic investigations of punch biopsies (Pappas et al, 1997),
video-capillaroscopy (capillary density) (StuÈcker et al, 1995; Steins
et al, 1999), laser Doppler ¯ow (blood ¯ow velocity), or by pulse
oximetry (oxygen saturation) (Mannheimer et al, 1997; Bilz et al,
1997). The major drawback of these methods is that they cannot be
applied to open wounds.
Optical spectroscopic methods seem to be useful for wound
monitoring as they can provide additional information. The speci®c
absorption of radiation in the visible (VIS) and near-infrared (NIR)
spectral range supplies not only qualitative information about the
presence of speci®c compounds, such as blood (hemoglobin),
pigments (melanin), tissue water (OH), but quantitative informa-
tion as well.
Re¯ectance spectrophotometry was used to evaluate malignant
pigmented lesions already 10 y ago (Marchesini et al, 1991). The
microcirculation of skin has been investigated by spectroscopy in
the visible spectral range by some authors (Feather et al, 1988;
Kakizoe et al, 1992; Geyer et al, 1996; Sowa et al, 1997; Kakihana et
al, 1998). The NIR spectrum was also used to investigate venous
oxygen saturation of the subpapillar plexus (Sahlin, 1992; Mancini
et al, 1994; Wertheim et al, 1997). First accounts were made to
evaluate the spectral re¯ectance data with respect to qualitative
and/or quantitative clinical scores. Recently, discriminant analysis
was used to distinguish spectroscopic data of skin melanomas and
benign moles (Tomatis et al, 1998).
In this study a noninvasive contact-free spectroscopic device was
assessed for monitoring wound healing. The data were compared
with a clinical wound score. Classi®cation procedures by
discriminant and cluster analysis were developed.
MATERIALS AND METHODS
Patients and wound score The study was approved by the Ethical
Committee of the Friedrich-Schiller-University Jena. We performed a
spectroscopic and clinical study on patients suffering from chronic leg
ulcers. Inclusion criteria were: presence of chronic leg ulcers, age > 18 y,
informed written consent. Twenty-three patients (aged 40±80 y, female
to male ratio = 3:1) with chronic venous (21 wounds), arterial (four
wounds), and mixed arterial±venous ulcers (three wounds) were enrolled.
The majority of ulcers were treated with hydroactive dressings. Five
patients underwent biosurgery (maggot therapy). A total of 29 wounds
was investigated repeatedly for 6 wk. The clinical state of ulcers was
documented by a wound score (Cooper, 1990; Sterling, 1996) (Table I).
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Spectroscopy The patients were allowed to rest for 10 min at room
temperature before spectroscopic measurements. An arti®cial room
illumination was used to standardize the in¯uence of ambient light. The
readings of large ulcers were taken above three different locations of the
granulation tissue, four above the wound edges and four above the skin
adjacent to ulcers. It takes approximately 30 s to measure an ulcer. These
readings of granulation tissue, wound edges, and adjacent skin were
averaged numerically. In spite of the lack of a scanned 2D-spectroscopic
record of the whole wound area, we suppose that the obtained
spectroscopic data represent a typical impression of the spectral behavior
of the wounds and their surrounding.
The experimental investigations were performed with a novel diode-
array VIS-NIR spectrometer system SKINREM (ZEISS Jena and J & M
Analytische Mess- und Analysentechnik Aalen, Germany) with a contact-
free measuring head (Fig 1). The major technical parameters of the
SKINREM spectrometer are summarized in Table II.
Measurements were taken in the VIS-NIR range of the spectrum
(400±1600 nm) at the same time and without any contact to the wound
or skin surface. The radiation of a 20 W halogen lamp was transmitted
by quartz ®bers to the contact-free measuring head (diameter of the
circular radiated area: 4 mm). The remitted light of the tissue was
detected by two quartz ®bers in the center of the illuminated area. By
the special construction the ®beroptic measuring head detected the
remitted radiation only (nearly without specular re¯ections!). The
distance of the measuring head to the tissue surface was adjusted to
approximately 1 mm.
The reproducibility of the arrangement of the order of 0.03% was
tested by measuring the subsequent remittances of a Spectralon standard
and calculating the mean difference within the whole spectral range. The
reproducibility of the spectral method was investigated by 20 repetitive
readings of the same area of dermal tissue: The relative standard
deviations were below 2% in the spectral range from 600 to 1300 nm
and were increased to 4% in the range of the hemoglobin doublet peak.
The interobserver variability cannot be evaluated at the time.
In adjacent skin additional bioengineering approaches were used:
Colorimetric investigations were taken as a measure of the local blood
¯ow and in¯ammation (Minolta Chromameter CR 300; Elsner, 1995).
The transepidermal water loss was determined as a measure of epidermal
barrier function (Tewameter; Courage & Khazaka Electronic GmbH,
Cologne, Germany; Distante and Berardesca, 1995).
Table I. Wound score of the granulation tissue
Points
absent 0
1
4
of wound area 1
Granulation 1
2
of wound area 2
2
3
of wound area 3
complete wound area 4
pale 0
Color pink 1
bright-red 2
Consistency spongy 0
solid 1
Maximum total score 7
Figure 1. Experimental arrangement of the
contact-free VIS-NIR diode spectrometer
system SKINREM.
Table II. Technical parameters of the VIS-NIR
spectrometer system SKINREM
VIS NIR
Used spectral
range
400 nm ± 930 nm 930 nm ± 1650 nm
Resolution
of pixel
3.3 nm 6 nm
Mean accuracy
of remittance
(Spectralonâ)
0.03%
(n = 1; 6 ms)
0.02%
(n = 1; 4 ms)
Trigger
wavelength
1450 nm 1450 nm
Integration time/
averages n
400 ms/
n = 2
200 ms/
n = 4
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Data analysis and statistics The individual remittance spectra were
assigned to clinical ®ndings. The mean values, their standard deviations,
difference spectra and their ®rst derivations were calculated and tested on
signi®cance. Because of the high biologic intraindividual and
interindividual variability of the spectral data multivariate analysis
techniques were used. Best results of assigning the spectral wound score
were obtained by discriminant analysis. Cluster analysis was used to
identify artifacts.
RESULTS
Typical VIS-NIR spectra of chronic wounds We examined
22 granulating and seven ®brin covered and necrotic wounds at
least twice. The best and worst case, i.e., a wound score of either 7
or 0, are shown in Fig 2. The three spectra of each patient indicate
the typical intraindividual variation within the investigated wound
area. The remittance mainly depends on hemoglobin absorption in
the visible spectral range and on absorption of tissue water in the
NIR range. A better granulation (score 7) leads to a higher blood
volume and a strong absorption at wavelengths between 500 nm
and 600 nm (hemoglobin peaks). The open wound without
epidermal cover prevents a higher remittance. The nonhealing
wound (score 0) shows a signi®cant higher level of remittance in
the VIS-NIR range up to 1050 nm. The absorption of hemoglobin
is signi®cantly lower but still visible at wavelengths of 548 nm and
575 nm. A slight decrease of remittance at 760 nm was seen, which
seems to be caused by reduced hemoglobin. The absorption bands
of water dominate in the NIR range at wavelengths of 975 nm,
1200 nm, and 1450 nm.
VIS-NIR spectra of chronic wounds and their relation to
wound scores A reproducible spectral pattern would be a
prerequisite for an objective wound score. The interindividual
variability of remittance spectra is rather high: The 18 spectral
readings of score 1 had a hemoglobin double peak at 560 nm but its
level of remittance varied between 3% and 40%.
The mean remittance of all spectra of a given wound score shows
a tendency of the spectroscopic pattern (Fig 3). In the visible range
the remittance increases with decreasing wound scores. The relative
standard deviation varies between 5% and 30% (visible range) and is
more pronounced in the spectral range below 550 nm and above
1400 nm. This may be related to differences of the wounds not
assessed by clinical scoring. Therefore, a simple spectral discrim-
ination of wound scores should not be expected when comparing
with de®ned mean spectral curves and standard deviations.
Comparable results are obtained by calculating the coef®cient of
correlation between the mean spectral values at each wavelength
step and the respective wound score. The maximum correlation
coef®cients do not exceed a value of 6 0.5 and are located at
450 nm, 580 nm, and 650 nm.
Multivariate analysis of chronic wound spectra We applied
discriminant analysis for the spectral classi®cation of wound scores
and cluster analysis for the recognition of artifacts. A total of 147
different wound spectra was involved. The number of spectral lines
for multivariate analysis was restricted to 60, because of technical
reasons.
Cluster analysis of spectra related to different wound scores can
provide an objective classi®cation into groups that are independent
from any clinical scoring. By the method ``K-means clustering''
one can generate groups of spectra belonging together.
Discriminant analysis was applied to evaluate spectral classi®ca-
tion functions for the eight clinical wound scores. These classi®-
cation functions permit the prediction of wound scores from
further measured spectra of new patients. The accuracy of the
discriminant classi®cation model can be tested by so-called
reclassi®cation. The calculated (predicted) wound score can be
compared with the observed score. In Table III the classi®cation
matrix of 147 spectra with eight observed scores is summarized.
The total percentage of correct predicted wound scores for all
147 spectra is 91%. Discriminant classi®cation function provides a
useful tool to classify spectral wound scores. A further improvement
can be obtained by the elimination of spectral artifacts. By cluster
analysis those spectra can be excluded for calculation of classi®ca-
tion functions. In our case the cluster analysis yields that 19 spectra
should be excluded. The reduced number of 128 spectra supplies
another classi®cation function with a slightly improved total
percentage 95% (Wilks l = 0.00016) of correct predicted wound
scores (see Table III).
The realistic opportunities for spectroscopic wound scoring can
be outlined by cross-validation of the classi®cation function. We
used the ``one leave out'' method for the spectral data sets. These
cross-validated results for 128 spectra are summarized in Table IV.
The correct classi®ed number of spectra are shown in the main
diagonal. The total percentage of correct prediction was 69%. It is
obviously that accuracy of classi®cation is better at low wound
Figure 2. Typical set of remittance spectra of chronic wounds of two patients. Dl = 5 nm.
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scores. Nearly 60% of higher wound scores have been predicted
correctly.
DISCUSSION
Wound healing is a dynamic process with monitoring not really
standardized. This is particularly true for chronic wounds, where
subjective assessment, photographic documentation, and planime-
try are the most widely used tools. There remains a need, however,
for objective and noninvasive techniques to complete existing
measures.
We report on the application of contact-free remittance
spectroscopy as an objective method in monitoring wound healing.
Bioengineering of skin, including spectroscopy, is developing from
``standard error to standard operative procedure'' (Serup, 1994).
Standardized experimental test conditions are crucial to reduce
Table III. Classi®cation matrix of investigated spectra with eight clinical scores
Wound score Percentage of correct predicted wound score (reclassi®cation)
0 1 2 3 4 5 6 7 Total
Included number: 147 100 94 94 100 80 100 83 95 91.2
Error probability 0.06 0.12 0.12 0.04 0.10 0.12 0.28 0.14
Included number: 128 100 100 100 100 83 100 92 95 95.3
Error probability 0.07 0.08 0.14 0.04 0.09 0.11 0.28 0.16
Table IV. Cross-validated classi®cation matrix for eight clinical wound scores (128 spectra; Dl = 20 nm)
Predicted Correct Clinically observed wound score
0 1 2 3 4 5 6 7 Sum
Score 0 1 9 1 10
Score 1 0.82 9 2 11
Score 2 0.78 14 1 2 17
Score 3 0.83 1 5 2 1 9
Score 4 0.67 1 8 1 4 14
Score 5 0.60 1 3 9 1 14
Score 6 0.58 4 2 21 7 34
Score 7 0.62 6 13 19
All scores 0.69 9 11 18 6 12 15 36 21 128
Figure 3. Mean remittance spectra of given wound scores 0±7. N is the number of investigated wound spectra, Dl = 20 nm.
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error sources (Marbach and Heise, 1995; Geyer et al, 1996).
Remittance spectroscopy readings are in¯uenced by pressure when
measurements are performed in skin contact (Karam®lov et al,
1999). Therefore, we designed a contact-free measuring device,
which allows experimental investigations with a de®ned distance
from the skin. By this means the direct investigation of contamin-
ated wounds and granulation tissue is possible.
The spectroscopic quality of chronic wounds mainly depends on
the in¯uence of perfusion, i.e., hemoglobin and water absorption.
Different wound qualities lead to signi®cant changes of the mean
remittance spectra. The higher the clinically observed wound score
(i.e., the better the granulation) the lower the remittance in the
visible region of the spectrum and vice versa; however, the large
standard deviations of our spectral data sets obtained do not allow a
simple classi®cation of wounds by some selected wavelengths.
Some factors responsible for the high variability of wound spectra
are individual variations of the dynamics in wound healing, the
etiology of ulcers, and the impact of treatments.
The preliminary data suggest that a granulation index is obtained
by the ratio of remittance at wavelengths of 610±585 nm.
Multivariate statistical analysis indicated that the whole visible
spectrum between 400 nm and 700 nm should be used for the
classi®cation of wound scores. A high absorption and low
remittance in the range of hemoglobin bands (450±600 nm) points
to a large amount of granulation tissue. The presence of a
oxyhemoglobin doublet peak seems to be mostly a sign of an open
wound area without a protecting epidermal layer but with an
inhomogeneous cover of ®brin and/or necrotic materials.
Cluster and discriminant analysis were used to evaluate an
objective wound score successfully by VIS-NIR spectroscopy. The
classi®cation function allows an overall prediction of wound scores
of 95%. Cross-validation analysis yields a more realistic result by an
accordance of 69% between predicted and observed wound scores.
Our results indicate that the application of VIS-NIR-spectros-
copy in monitoring chronic wounds and the effects of therapeutic
approaches can provide useful information. The presented contact-
free and noninvasive optical spectroscopic device could be a
valuable remedy for the clinician.
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